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The  study  was  aimed  to prepare  a series  of  poly(acrylic  acid)-cysteine-2-mercaptonicotinic  acid  conju-
gates  (preactivated  thiomers)  and  to evaluate  the  inﬂuence  of molecular  mass  or degree  of preactivation
with  2-mercaptonicotinic  acid (2MNA)  on their  permeation  enhancing  properties.  Preactivated  thiomers
with  different  molecular  mass  and  different  degree  of  preactivation  were  synthesized  and  categorized
on  the  basis  of  their molecular  mass  and  degree  of  preactivation  as  PAA100-Cys-2MNA  (h),  PAA250-Cys-
2MNA  (h),  PAA450-Cys-2MNA  (h),  PAA450-Cys-2MNA  (m) and  PAA450-Cys-2MNA  (l).  In  vitro  permeation
studies,  the permeation  enhancement  ability  for preactivated  thiomers  was  ranked  as  PAA450-Cys-2MNA
(h)  >  PAA250-Cys-2MNA  (h)  >  PAA100-Cys-2MNA  (h)  on  both  Caco-2  cell monolayers  and  rat  intestinal
mucosa.  Comparing  the  inﬂuence  of degree  of preactivation  with  2MNA  on  permeation  enhancement,
the  following  order  PAA450-Cys-2MNA  (h) > PAA450-Cys-2MNA  (m)  ≈ PAA450-Cys-2MNA  (l)  on  Caco-2
cell  monolayers  and  PAA450-Cys-2MNA  (m)  > PAA450-Cys-2MNA  (h)  >  PAA450-Cys-2MNA  (l)  on  intestinal
mucosa  was  observed.  The  Papp of  sodium  ﬂuorescein  was  5.08-fold  improved  on Caco-2  cell mono-
layers  for  PAA450-Cys-2MNA  (h)  and  2.46-fold  improved  on  intestinal  mucosa  for  PAA450-Cys-2MNA  (m),
respectively,  in  comparison  to sodium  ﬂuorescein  in buffer  only.  These  results  indicated  that  preacti-
vated  thiomers  could  be considered  as  a promising  macromolecular  permeation  enhancing  polymer  for
non-invasive  drug  administration.. Introduction
The oral bioavailability of protein and peptide drugs is strongly
imited by an insufﬁcient uptake from the mucosa. In order to
vercome the absorption barrier, permeation enhancers are used
s auxiliary agents in oral drug delivery systems. State of the
rt permeation enhancers are mostly low molecular mass agents.
hey are easily absorbed through the gastrointestinal mucosa into
he circulation and systemic toxic side-effects of these auxiliary
gents consequently cannot be excluded (Bernkop-Schnürch et al.,
003). In contrast, macromolecular permeation enhancers such as
oly(acrylic acid) derivatives, chitosan derivatives and thiolated
olymers are too big in size to be taken up into the systemic circula-
ion (Salamat-Miller and Johnston, 2005). In addition, they remain
t the site where drug absorption shall take place for a compara-
ively longer time period.
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nnsbruck, Josef-Moeller-Haus, Innrain 52c, 6020 Innsbruck, Austria/Europe.
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In recent years, thiolated polymers have gained consider-
able attention (Shen et al., 2009; Davidovich-Pinhas et al., 2009;
Martínez et al., 2012). Thiolated polymers or thiomers are a
group of polymers bearing thiol substructures. Due to the immo-
bilization of thiol groups on already well-established polymeric
excipients such as polyacrylates (Leitner et al., 2003; Hombach
et al., 2009; Bernkop-Schnürch and Thaler, 2000a; Kast et al., 2003)
or chitosans (Sakloetsakun et al., 2009; Hombach et al., 2009;
Jin et al., 2011; Li et al., 2011), features such as mucoadhesive
(Hombach et al., 2009; Bernkop-Schnürch et al., 1999), in situ
gelling (Sakloetsakun et al., 2009), efﬂux pump inhibiting (Greindl
et al., 2009) and permeation enhancing properties (Kast et al., 2003;
Hombach et al., 2008) are strongly improved. However, there are
also shortcomings of thiomers, in particular regarding storage sta-
bility. Thiomers in solutions and semisolid formulations are subject
to thiol oxidation at pH above 5, unless sealed under inert con-
ditions. At pH 6–7, for instance, the amount of remaining thiol
groups on chitosan-thioglycolic acid (Chi-TGA) and polycarbophil-
cysteine (PCP-Cys) conjugates decreased by 70% within 3 h (Kast
Open access under CC BY-NC-ND license.and Bernkop-Schnürch, 2001) and 45% within 2 h, respectively
(Bernkop-Schnürch et al., 1999).
To overcome this drawback, novel thiomers – designated preac-
tivated thiomers – were synthesized in this study. The concept for
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Fig. 1. Reaction mechanism and presumptive chemical substructure of poly(acrylic acid)-cysteine (PAA-Cys) conjugates and poly(acrylic acid)-cysteine-2-mercaptonicotinic
acid  (PAA-Cys-2MNA) conjugates. (A) Reaction scheme for covalent chromatography of a thiolated substance (R-SH) on Thiopropyl Sepharose 6B (adopted from: Thiopropyl
Sepharose® 6B INSTRUCTIONS). (B) Reaction scheme for l-cysteine covalently coupled to poly(acrylic acid) and the presumptive chemical substructure of poly(acrylic acid)-
cysteine  (PAA-Cys) conjugates. (C) Reaction scheme for 2-mercaptonicotinic acid (2MNA) dimer (2,2′-dithiodinicotinic acid) covalently coupled to poly(acrylic acid)-cysteine
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cid)-cysteine-2-mercaptonicotinic acid (PAA-Cys-2MNA) conjugates.
hese novel thiomers is based on the reaction scheme for cova-
ent chromatography of resins such as thiopropyl sepharose 6B
Fig. 1A). The thiolated resin being activated by a mercaptopyri-
ine group is stable toward oxidation and can react with solutes
ontaining thiol groups under mild conditions to form mixed disul-
des (from insructions for thiopropyl sepharose 6B from Amersham
iosciences). In analogy the reaction can also take place when such
olymers come into contact with the mucosa where thiol-rich sub-
tructures are available (Bernkop-Schnürch et al., 2004).Following this strategy very recently thiolated polyacrylates
ere preactivated with 2-mercaptonicotinic acid and strongly
mproved mucoadhesive properties in comparison to just thiolated
olyacrylates were demonstrated (Iqbal et al., 2012). In contrast tosteine-2-mercaptonicotinic acid (PAA-Cys-2MNA) conjugates. (D) Reaction scheme
(PAA-Cys) conjugates and the presumptive chemical substructure of poly(acrylic
these improved mucoadhesive properties which could be antici-
pated because of the chemistry behind, the impact of preactivation
on the permeation enhancing properties of thiomers cannot be
foreseen, as the mechanisms involved in permeation enhancement
of polymeric excipients is comparatively complex and only par-
tially understood. Therefore the aim of this study was to prepare
preactivated thiomers and evaluate their permeation-enhancing
properties. Poly(acrylic acid) (PAA) was chosen as backbone
because it has been previously successfully modiﬁed by cysteine.
Sodium ﬂuorescein was  used as a paracellular marker (Clausen
et al., 2002). Preactivated thiomers of different molecular mass
and different degree of preactivation with 2-mercaptonicotinic acid
(2MNA) were synthesized and their inﬂuence on the permeation
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nhancing properties were investigated on Caco-2 cell monolayers
nd freshly excised rat intestinal mucosa.
. Materials and methods
.1. Materials
Poly(acrylic acid) (PAA) (100, 250 and 450 kDa), 2-
ercaptonicotinic acid (2MNA), l-cysteine hydrochloride
Cys), reduced glutathione (GSH), 1-ethyl-3-(3-
imethylaminopropyl)carbodiimide hydrochloride (EDAC) and
odium ﬂuorescein (Na-Flu) were purchased from Sigma–Aldrich.
ll other reagents used were of analytical grade.
.2. Synthesis of poly(acrylic acid)-cysteine conjugates
PAA-cysteine conjugates (PAA100-Cys, PAA250-Cys and PAA450-
ys) were synthesized by the covalent attachment of cysteine
o poly(acrylic acid) according to a method described previously
Bernkop-Schnürch and Steininger, 2000b)  (Fig. 1B). Brieﬂy, 1 g
ach of PAA (with the molecular mass 100, 250 and 450 kDa) was
ydrated separately in demineralized water and the pH value of
he solutions was adjusted to 4.5 by the addition of 5 M NaOH.
hen, EDAC in the ﬁnal concentration of 200 mM was slowly added
n order to activate the carboxylic acid moieties of each of the
ydrated polymers. After 20 min  of incubation under stirring at
oom temperature, 1 g of l-cysteine hydrochloride (pH adjust to
.5) was added to each of the hydrated PAA solutions and the pH
aintained at 4.5. Reaction mixtures were incubated for 3 h at
oom temperature under stirring. Neutralized polymers (PAA100,
AA250 and PAA450) prepared in the same way as the PAA-Cys
onjugates but omitting EDAC during coupling reaction served as
eferences. In order to eliminate unbound reacting species from the
olymers, each of the above mentioned reaction mixtures was dia-
yzed ﬁve times using Spectra/Por® 3 membrane (MWCO: 1200) at
low acidic) ∼3 for 3 days in total at 10 ◦C in the dark, two  times
gainst 1 mM HCl, two times against the same medium but con-
aining 1% NaCl and one time against 0.2 mM HCl. Thereafter, the
ialyzed products were freeze-dried for 3 days at −80 ◦C under
educe pressure and stored at 4 ◦C until use.
.3. Synthesis of poly(acrylic acid)-cysteine-2-mercaptonicotinic
cid
Poly(acrylic acid)-cysteine-2-mercaptonicotinic acid (PAA-Cys-
MNA) of increasing molecular mass named PAA100-Cys-2MNA,
AA250-Cys-2MNA, PAA450-Cys-2MNA and PAA450-Cys-2MNA of
ncreasing degree of preactivation with 2MNA were synthesized.
MNA dimer (2,2′-dithiodinicotinic acid) was  ﬁrst prepared by
xidation of 2MNA with hydrogen peroxide under neutral pH
onditions. Brieﬂy, 4 g of 2MNA were dispersed in 100 ml  of dem-
neralized water by ultrasonicating for half an hour. Then the pH
as adjusted to 7 and a clear solution was obtained. 5.3 ml  of hydro-
en peroxide (30%, v/v) was added and the pH maintained at 7.
he resulting clear solution was 2MNA dimer. The formation of
MNA dimer was proved by the measurment and comparison of
V absorption spectrums of monomer and dimer solution over a
avelength range between 200 nm and 400 nm using a UV–Vis
pectrophotomer (UVmini-1240, Shimadzu Corp., Kyoto, Japan).
hen, 0.2 g each of PAA-Cys (PAA100-Cys, PAA250-Cys, PAA450-Cys)
as hydrated separately in 25 ml  of demineralized water under
ermanent stirring. To prepare PAA-Cys-2MNA with high degree
f preactivation (PAA100-Cys-2MNA (h), PAA250-Cys-2MNA (h) and
AA450-Cys-2MNA (h)), the freshly prepared 2MNA dimer solu-
ion containing 0.6 g of dimer mixed with 20 ml  of DMSO was
dded into the PAA-Cys solution. The pH value of the mixture washarmaceutics 438 (2012) 217– 224 219
adjusted to 6 under continuous stirring for 6 h at room tempera-
ture (Fig. 1C). The preparation of PAA450-Cys-2MNA with medium
degree of preactivation (PAA450-Cys-2MNA (m)) was the same as
that of PAA450-Cys-2MNA (h) except DMSO was omitted and the pH
was adjusted to 7–8 (Fig. 1C). PAA450-Cys-2MNA with low degree
of preactivation (PAA450-Cys-2MNA (l)) was  prepared as outlined
in Fig. 1D. In brief, 10 ml  (25 mg/ml, pH 7–8) of the 2MNA solu-
tion was added into the PAA450-Cys solution and the pH value of
the mixture was adjusted to 7–8. Then, 1 ml of hydrogen perox-
ide (H2O2, 30%, v/v) was  added under continuous stirring for 6 h at
room temperature.
Each of the above reaction mixtures were dialyzed ﬁve times
using Spectra/Por® 3 membrane (MWCO: 1200) in 5 L of deminer-
alized water for 3 days in total at 10 ◦C in the dark. Thereafter,
the dialyzed products were freeze-dried for 3 days at −80 ◦C under
reduced pressure and stored at 4 ◦C until use.
2.4. Determination of the thiol group content
The total amount of thiol groups and free thiol groups
immobilized on the polymer conjugates was determined pho-
tometrically using Ellman’s reagent as described previously.
l-Cysteine hydrochloride was  employed to establish calibration
curve for all polymer conjugates (Bernkop-Schnürch et al., 1999).
2.5. Quantiﬁcation of conjugated 2-mercaptonicotinic acid
The amount of conjugated 2MNA was determined photometri-
cally. Brieﬂy, 0.5 mg  of each of the PAA-Cys-2MNA (100, 250 and
450 kDa) was hydrated in 0.5 M phosphate buffer (pH 6.8) with
2% reduced glutathione. After 60 min  of incubation at room tem-
perature, absorbance of 300 l solution was measured at 354 nm.
2MNA was  employed to establish calibration curve for all polymer
conjugates.
2.6. In vitro transport studies across Caco-2 cell monolayers
Caco-2 cells (passage number 11–15) were seeded onto 12 well
Transwell polyester®. The cells were cultured in MEM medium sup-
plemented with 20% FCS and stored in a 5% CO2 environment in an
incubator maintained at 37 ◦C. The culture medium was  exchanged
every 48 h. The cells were allowed to grow and differentiate for 21
days. Transepithelial electrical resistance (TEER) of the monolayers
was measured with EVOM instrument (World Precision Instru-
ment, Sarasota, FL). Prior to all experiments, each well (monolayers)
was washed with 1 ml  of 100 mM phosphate buffered saline (PBS).
Then, 1 ml  of transport medium (MEM,  without FCS) was  added to
apical (AP) and 1 ml  to basal (BL) chambers. After an equilibration
period of 30 min  in 5% CO2 incubator, the media of the donor com-
partment (AP chamber) was substituted by 0.5% (m/v) preactivated
thiomers PAA100-Cys-2MNA, PAA250-Cys-2MNA and PAA450-Cys-
2MNA of different degree of preactivation. Sodium ﬂuorescein was
used as model drug with a ﬁnal concentration of 0.001% (m/v) and
its MEM  solution was used as control. At 0, 60, 120 and 180 min,
100 l samples were taken out from the acceptor chambers and
were replaced by the same amount of fresh transport medium. The
amount of permeated sodium ﬂuorescein was  determined by ﬂuo-
rimetric detection by a microplate reader (Tecan Austria GmbH,
Austria. 485 nm for extinction wavelength and 535 nm for emission
wavelength) and was calculated by interpolation from an according
standard curve. Cumulative corrections were made for previously
removed samples. Apparent permeability coefﬁcients (Papp) for
sodium ﬂuorescein were calculated as follows: Papp = Q/Act, where
Q is the total amount permeated throughout the incubation time
(g), A is the the area of the transwell inserts (1.13 cm2), c is the
initial concentration of sodium ﬂuorescein in the donor chamber
2 al of Pharmaceutics 438 (2012) 217– 224
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g/cm3), and t is the time of the permeation study (s). Each exper-
ment was performed in triplicate. Transport enhancement ratios
R) were calculated from Papp values by: R = Papp(sample)/Papp(control).
.7. In vitro transport studies across freshly excised rat intestinal
ucosa
For in vitro permeation studies, non-fasting male
prague–Dawley rats weighting between 240 and 250 g were
sed. After sacriﬁcing the rats, the lower jejunum and ileum of the
mall intestine were immediately removed. The excised intestine
as cut into strips of 1.5 cm,  rinsed free of luminal contents and
ounted in Ussing-type chambers (0.64 cm2 surface area) without
tripping off the underlying muscle layer. For the apical chamber
 buffer comprising 138 mM NaCl, 5 mM KCl, 10 mM glucose and
0 mM N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)
HEPES) was prepared at pH 6.8. The buffer for the basolateral
hamber included the same components plus 2 mM CaCl2 and
 mM MgCl2 at pH 6.8. Ca2+ and Mg2+ were omitted in the apical
hamber in order to prevent PAA-Cys complexes with Ca2+/Mg2+.
he intestinal membrane was pre-incubated for 30 min  with these
rtiﬁcial ﬂuids. The model compound for permeation studies was
odium ﬂuorescein. After pre-incubation, polymer solutions with
odium ﬂuorescein (ﬁnal concentration was 0.001% (m/v)) were
dded to the apical chamber for absorptive (AP to BL) transport.
he polymers used in the transport study are shown in Table 1,
ncluding 0.5% (m/v) unmodiﬁed PAA100, PAA250, PAA450; 0.5%
m/v) PAA100-Cys, PAA250-Cys, PAA450-Cys or 0.5% (m/v) PAA100-
ys-2MNA (h), PAA250-Cys-2MNA (h), PAA450-Cys-2MNA (h),
AA450-Cys-2MNA (m)  and PAA450-Cys-2MNA (l). To investigate
he inﬂuence of GSH on the permeation enhancing properties for
he preactivated thiomers, GSH was added at a ﬁnal concentration
f 0.5% (m/v). After 0, 30, 60, 90, 120, 150 and 180 min, 100 l
amples were withdrawn from the acceptor chambers and were
eplaced by the same amount of fresh transport medium. The
ollowing steps were the same as those described in Section 2.6
ith the exception that for calculations the diffusion area of the
ssing-type chambers 0.64 cm2 was used.
.8. Statistical data analysis
Statistical data analysis was performed using the ANOVA with
 < 0.05 as the minimal level of signiﬁcance.
. Results and discussion
.1. Synthesis and characterization of thiolated polymers
Synthesis of PAA-Cys has already been described by our research
roup previously (Bernkop-Schnürch and Steininger, 2000b). In
eneral, the primary amino groups of l-cysteine were covalently
ttached to activated carboxylic acid groups of PAA by forming
mide bonds. The chemical substructure of PAA-Cys is shown in
ig. 1B. The obtained PAA-Cys conjugates appeared as white, odor-
ess powder of ﬁbrous structure. The amounts of thiol groups
ttached to PAA determined by the Ellman’s test are shown in
able 1. All the PAA-Cys exhibited a similar degree of modiﬁcation
ith reduced thiol groups in the range of 700 mol  SH per gram
olymer.
To study the inﬂuence of the molecular mass of PAA-Cys-2MNA
nd the degree of preactivation with 2MNA on the permeation
nhancement property, a series of preactivated thiomers were
ynthesized. The conjugates were generated by the exchange of
isulﬁde bonds between thiol functions of PAA-Cys and disulﬁde
onds of 2MNA dimer. The UV absorption spectrums of 2MNA1 = 340.8 nm and 2 = 270 nm and (b) dimer (brown); 1 = 241 nm at pH = 7. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of the article.)
monomer and dimer solution are shown in Fig. 2. Signiﬁcant peaks
were observed at 340.8 nm and 270 nm for the monomer and at
241 nm for the dimer. In the preparation of PAA-Cys-2MNA with
high degree of preactivation, DMSO was used as a reaction medium
due to the poor solubility of 2MNA and 2,2′-dithiodinicotinic acid
in water. Moreover, addition of DMSO into the medium also avoids
the precipitates formation during the reaction process. At the end
of the reaction, DMSO was  removed by dialysis against deminer-
alized water. Moreover, the demineralized water used for dialysis
was measured at 265 nm in order to verify the complete removal
of DMSO form the dialysed products.
The chemical substructure of PAA-Cys-2MNA conjugates is
illustrated in Fig. 1C. The lyophilized PAA-Cys-2MNA conjugates
appeared as soft cotton-like ﬁber. With increasing degree of pre-
activation, the color turned from off-white to light yellow. The
degree of preactivation with 2MNA of each preactivated thiomer
is shown in Table 1. Generally, thiomers were divided into two
groups: one group with high degree of preactivation (PAA100-
Cys-2MNA (h), PAA250-Cys-2MNA (h) and PAA450-Cys-2MNA (h),
≥700 mol  2MNA per gram polymer) and different molecular mass
(100, 250 and 450 kDa) and one group with the same molecular
mass (450 kDa) but with different degree of preactivation (high,
≥700 mol; middle, 300–400 mol  and low, ≤200 mol 2MNA per
gram polymer).
3.2. Inﬂuence of molecular mass of PAA on permeation across
freshly excised rat intestinal mucosa
The inﬂuence of molecular mass of preactivated thiomers
on the permeation across freshly excised rat intestinal mucosa
is shown in Fig. 3. When PAA-Cys-2MNAs displayed a similar
degree of preactivation, the permeation ability increased with
the increase in molecular mass of PAA (Fig. 3A). The Papp of the
three preactivated thiomers are shown in Table 2. The rank order
was: PAA450-Cys-2MNA (h) > PAA250-Cys-2MNA (h) > PAA100-Cys-
2MNA (h). Using GSH as permeation mediator, the amount of
permeated Na-Flu was to some extent improved for PAA250-Cys-
2MNA (h) and PAA450-Cys-2MNA (h) (Fig. 3B and Table 2). The
X. Wang et al. / International Journal of Pharmaceutics 438 (2012) 217– 224 221
Table 1
Degree of thiolation and preactivation of different modiﬁed polymers. Indicated values are means (n = 3) ±SD.
Polymer Total amount of
thiol groups
(mol/g polymer)
Amount of free
thiol groups
(mol/g polymer)
Amount of
Conjugated 2MNA
(mol/g polymer)
PAA100-Cys 818 ± 169 779 ± 16 –
PAA250-Cys 646 ± 57 636 ± 52 –
PAA450-Cys 813 ± 115 747 ± 99 –
PAA100-Cys-2MNA (h) 1313 ± 141 45 ± 19 938 ± 153
PAA250-Cys-2MNA (h) 1166 ± 326 60 ± 1 780 ± 120
PAA450-Cys-2MNA (h) 1365 ± 86 62 ± 6 1074 ± 53
PAA450-Cys-2MNA(m) 927 ± 113 40 ± 6 379 ± 15
PAA450-Cys-2MNA (l) 817 ± 168 43 ± 10 143 ± 4
F f sodiu
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oig. 3. The inﬂuence of molecular mass of poly (acrylic acid) on the permeation o
he  experiment; (B) with GSH added during the experiment. Sodium ﬂuorescein in
AA450-Cys-2MNA (h) (--). Indicated values are means (n = 3) ± SD.
ermeation ability rank order was: PAA450-Cys-2MNA (h) > PAA250-
ys-2MNA (h) > PAA100-Cys-2MNA (h), same as that without GSH.
hese results demonstrated the same size dependent effect for
reactivated thiomer as shown for conventional thiomers, i.e. the
arger the molecular mass, the higher the permeation enhancement
bility (Kast and Bernkop-Schnürch, 2002). PAA -Cys-2MNA (h),100
AA250-Cys-2MNA (h) and PAA100-Cys-2MNA (h) with GSH had no
nhancement effect compared to the control. The reason might be
xplained from two aspects. On freshly excised rat intestine model,
able 2
omparison of the in vitro apparent permeability coefﬁcients (Papp) of sodium ﬂuo-
escein across freshly excised rat intestine and enhancement ratio in the presence
f  indicated polymers (mean ± SD, n = 3).
Permeation enhancer Papp (×10−6 cm/s) Enhancement ratio
Mean SD
MEM  solution without enhancer 5.79 0.64 1
PAA450 2.02 0.66 0.35**
PAA450-Cys 5.57 1.93 0.96
PAA100-Cys-2MNA (h) 3.16 1.34 0.55*
PAA250-Cys-2MNA (h) 4.68 0.80 0.81
PAA450-Cys-2MNA (h) 7.04 1.40 1.22
PAA450-Cys-2MNA (m)  14.27 3.00 2.46**
PAA450-Cys-2MNA (l) 6.52 1.79 1.13
PAA100-Cys-2MNA (h) and GSH 2.04 0.63 0.35**
PAA250-Cys-2MNA (h) and GSH 7.67 0.23 1.32
PAA450-Cys-2MNA (h) and GSH 8.58 1.80 1.48
PAA450-Cys-2MNA (m)  and GSH 16.72 0.32 2.89**
PAA450-Cys-2MNA (l) and GSH 5.94 0.41 1.03
* P < 0.05 vs MEM solution without enhancer.
** P < 0.01 vs MEM solution without enhancer.m ﬂuorescein across freshly excised rat intestine. (A) without GSH added during
resence of buffer (--); PAA100-Cys-2MNA (h) (--); PAA250-Cys-2MNA (h) (--);
PAA-Cys-2MNAs with high degree of preactivation showed poor
permeation enhancement, while PAA450-Cys-2MNA (m)  showed
the most pronounced enhancement properties (reasons discussed
in Section 3.4). The other reason might be the relative low molecular
mass for PAA100-Cys-2MNA and PAA250-Cys-2MNA. As Kast (Kast
and Bernkop-Schnürch, 2002) reported, the permeation enhance-
ment ability from high to low was  PCP > PAA450 > PAA100 > PAA30.
PAA450 and PAA100 have no signiﬁcant increase in permeation of
Na-Flu. In fact, some polymer with low molecular mass, such as
PAA30, decreased the permeation. There was  not a well-founded
explanation for this phenomenon up to now.
3.3. Permeation enhancing properties of PAA, PAA-Cys,
PAA-Cys-2MNA on freshly excised rat intestinal mucosa
The permeation enhancing properties of unmodiﬁed PAAs,
PAA-Cyses and PAA-Cys-2MNAs on the transport of Na-Flu were
evaluated in vitro. Freshly excised rat intestine mounted in Uss-
ing chambers served as model membrane. The unmodiﬁed PAA100,
PAA100-Cys, PAA250, PAA250-Cys showed no signiﬁcant enhance-
ment effect on the permeation of Na-Flu (data not shown). The
permeation studies with the unmodiﬁed PAA450, PAA450-Cys,
PAA450-Cys-2MNA (h) and PAA450-Cys-2MNA (m)  on mucosal
uptake of Na-Flu are shown in Fig. 4 and their Papp values are listed
in Table 2. PAA450-Cys-2MNA (h) showed some increase in the per-
meation but without a signiﬁcant difference (1.22-fold, P = 0.2480)
when compared with the control Na-Flu in buffer only. PAA450-
Cys-2MNA (m)  had obviously enhancement properties (2.46-fold,
P = 0.0087). When the enhancement ability of PAA450, PAA450-Cys
and PAA450-Cys-2MNA was  compared, PAA450-Cys-2MNA showed
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Fig. 4. Permeation studies with sodium ﬂuorescein in the presence of buffer (--),
0.5% (m/v) poly (acrylic acid) (--), 0.5% (m/v) poly (acrylic acid)-cysteine (--)
and 0.5% (m/v) poly (acrylic acid)-cysteine-2-mercaptonicotinic acid (h) (--), (m)
(-©-)  across freshly excised rat intestine. Data represent the transport of sodium
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Table 3
Comparison of the in vitro apparent permeability coefﬁcients (Papp) of sodium ﬂuo-
rescein across Caco-2 cell monolayers and enhancement ratio in the presence of
indicated polymers (mean ± SD, n = 3).
Permeation enhancer Papp (×10−6 cm/s) Enhancement ratio
Mean SD
MEM  solution without enhancer 0.62 0.44 1
PAA100-Cys-2MNA (h) 1.76 0.22 2.84**
PAA250-Cys-2MNA (h) 2.31 0.83 3.73**
PAA450-Cys-2MNA (h) 3.15 0.86 5.08**
PAA -Cys-2MNA (m)  1.02 0.15 1.65uorescein across small intestinal mucosa indicated as the percentage of the total
ose of sodium ﬂuorescein applied to the luminal side of the mucosa. Indicated
alues are means (n = 3) ± SD.
he highest and PAA450 showed the lowest effect. These observa-
ions indicated that PAA450-Cys-2MNA might be a more effective
acromolecular permeation enhancer. The underlying mechanism
or the permeation enhancing effect of the preactivated thiomers
s still not satisfactorily explained. We  tried to explain it on two
spects: on the one hand, PAA450-Cys-2MNA was more active than
AA450-Cys because of the introduction of mercaptopyridine group
nto the molecule. The preactivated thiomer could therefore inter-
ct with thiol groups on the mucosal surface to a higher extent.
hese improved mucoadhesive properties of preactivated thiomers
ave already been demonstrated by Iqbal et al. (2012).  Due to
he immobilization of 2MNA, tablets based on PAA450-Cys-2MNA
isplayed 960-fold improved mucoadhesion in comparison to the
orresponding unmodiﬁed PAA450 and the apparent viscosity was
06.2-fold improved. These properties led to a prolonged residence
ime of the preactivated thiomers on the mucosa. Similar as con-
entional thiomers, the preactivated thiomers would provide a
omparatively high concentration of GSH on the membrane and
ead to the opening of tight junctions (Bernkop-Schnürch et al.,
003). On the other hand, preactivated thiomers might directly
nteract with thiol groups on the tight junction proteins, which
ould affect the conformation of proteins and would change the
embrane structure resulting in an improved drug uptake.
.4. Inﬂuence of the degree of preactivation on permeation across
reshly excised rat intestinal mucosa
This inﬂuence of the degree of preactivation of thiomers on
he permeation enhancing effect on freshly excised rat intestinal
ucosa is shown in Fig. 5. All the PAA450-Cys-2MNAs were of con-
tant molecular mass (450 kDa). As illustrated in Fig 5A, the Papp
rder of the three polymers was PAA450-Cys-2MNA (m)  > PAA450-
ys-2MNA (h) > PAA450-Cys-2MNA (l) and the Papp of Na-Flu in
.5% PAA450-Cys-2MNA (m)  was 2.46- times higher than that in
uffer (Table 2). Not the thiomer exhibiting the highest degree
f preactivation but PAA450-Cys-2MNA (m)  showed the most pro-
ounced enhancement properties. The results were different from
hat of conventional thiomers, which was general reported as the
igher the degree of thiolation, the higher was the enhancement450
PAA450-Cys-2MNA (l) 1.06 0.23 1.71
** P < 0.01 vs MEM solution without enhancer.
effect (Kast and Bernkop-Schnürch, 2002; Clausen and Bernkop-
Schnürch, 2001).
This phenomenon might be explained from two aspects. First,
free thiol groups immobilized within conventional thiomers play
an important role in the permeation enhancing effect. Because
the SH in thiomers were prone to be oxidized to disulﬁdes
(S S) at pH above 5, a large amount of free thiol groups in
thiomers was necessary to maintain enough SH for the perme-
ation enhancement function. As for the preactivated thiomers, the
active groups were disulﬁdes in the molecules. They functioned
as permeation enhancers due to disulﬁde exchange with oxidized
glutathione (GSSG) or thiol groups on the mucosal surface. Preacti-
vated thiomers were stable in a broad pH range. So a moderate
amount of preactivated thiomers was sufﬁcient for the reaction
with oxidized glutathione (GSSG) or thiol groups on the mucosal
surface.
Second, why  PAA450-Cys-2MNA (h) showed poor permeation
enhancement ability compared to PAA450-Cys-2MNA (m)? It was
supposed as the inﬂuence of the hydrophobic ligand of 2MNA.
When 2MNA was conjugated to PAA450-Cys, the hydrophilic char-
acter of the thiomer decreased. The higher the content of 2MNA, the
more hydrophobic was  the resulting preactivated thiomer. As it is
well known, polymers exhibiting a similar solubility to mucin were
able to penetrate the mucus layer easily (Huang et al., 2000). That
was to say, hydrophilic character was critical for polymers to deliver
drugs across mucus layer. Due to the high hydrophobic character of
PAA450-Cys-2MNA (h), not all the preactivated substructures might
be available. As for PAA450-Cys-2MNA (m)  displays higher perme-
ation ability than PAA450-Cys-2MNA (l), it might be the result of
more disulﬁdes from mercaptopyridine group.
The permeation enhancing effect was slightly increased in the
presence of GSH of PAA450-Cys-2MNA (h) and PAA450-Cys-2MNA
(m)  (Fig. 5B and Table 2) without changing the enhancement rank
order having been described above.
3.5. Inﬂuence of molecular mass and degree of preactivation on
the permeation in Caco-2 cell monolayers
Caco-2 cell monolayers with a TEER value more than 700 /cm2
were selected for the permeation experiments. The inﬂuence of
molecular mass on the permeation enhancement of preactivated
thiomers on Caco-2 cell monolayers is illustrated in Fig. 6. When
PAA-Cys-2MNA showed a similar degree of modiﬁcation with
2MNA, the enhancement increased with increasing molecular mass
of PAA. The Papp values of the three preactivated thiomers are listed
in Table 3. They ranked as PAA450-Cys-2MNA (h) > PAA250-Cys-
2MNA (h) > PAA100-Cys-2MNA (h) being in good agreement with
the rank order having been obtained on freshly excised intestinal
mucosa.
The inﬂuence of the degree of preactivation on the perme-
ation is shown in Fig. 7. Among PAA-Cys-2MNAs of the same
molecular mass (450 kDa), PAA450-Cys-2MNA (h) exhibited the
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F eation of sodium ﬂuorescein across freshly excised rat intestine. (A) without GSH added
d cein in the presence of buffer (--); PAA450-Cys-2MNA (h) (--); PAA450-Cys-2MNA (m)
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vig. 5. The inﬂuence of 2-mercaptonicotinic acid degree of preactivation on the perm
uring  the experiment; (B) with GSH added during the experiment. Sodium ﬂuores
--);  PAA450-Cys-2MNA (l) (--). Indicated values are means (n = 3) ± SD.
ost pronounced enhancement effect. The Papp of the three
reactivated thiomers ranked as PAA450-Cys-2MNA (h) > PAA450-
ys-2MNA (m)  ≈ PAA450-Cys-2MNA (l) (Table 3). The Papp of Na-Flu
as 5.08-fold increased in the presence of PAA450-Cys-2MNA (h)
n comparison to that in buffer only. The result of the inﬂuence
f the degree of preactivation on the permeation on Caco-2 cell
onolayers was different from that on freshly excised rat intestine.
his might have resulted from the structure difference between
at intestinal mucosa and Caco-2 cell monolayers. The mucus layer
overing intestinal epithelial cells may  restrict the access of higher
olecular weight compounds (such as peptide and pharmaceuti-
al excipients) to the absorption membrane (Schipper et al., 1999).
owever, the Caco-2 cell monolayers are mucus-free drug absorp-
ion model (Meaney and O’Driscoll, 1999). When polymer solution
ontaining model compound was added to the apical chambers
f the transwell, the polymer would get into intimate contact
ith the Caco-2 cells providing comparatively more pronounced
nteractions. The phenomenon had been proven by the fact that
hitosans had pronounced effect on the permeability of mucus-free
ig. 6. The inﬂuence of molecular mass of poly(acrylic acid) on the permeation
f  sodium ﬂuorescein across Caco-2 cell monolayers. PAA100-Cys-2MNA (h) (--);
AA250-Cys-2MNA (h) (--); PAA450-Cys-2MNA (h) (--); buffer (-©-). Indicated
alues are means (n = 3) ± SD.
Fig. 7. The inﬂuence of 2-mercaptonicotinic acid degree of preactivation on the
permeation of sodium ﬂuorescein across Caco-2 cell monolayers. PAA450-Cys-2MNA
(h) (--); PAA450-Cys-2MNA (m) (--); PAA450-Cys-2MNA (l) (--) and buffer (-©-).
Indicated values are means (n = 3) ± SD.
Caco-2 monolayers. In contrast, enhancement through rat ileum
was modest (Meaney and O’Driscoll, 1999). In this study, when the
preactivated thiomers were incubated with the Caco-2 cell mono-
layers, they took part directly in interactions with the epithelial
cells without having to diffuse through the mucus layer. So solubil-
ity of preactivated thiomers was  not so crucial as on the intestinal
mucosa. Furthermore, thiomers with high degree of preactivation
could show high activity on opening the tight junctions of Caco-2
cell monolayers.
4. Conclusion
During this study, novel designed preactivated thiomers were
prepared by immobilizing 2MNA on the polymeric backbone
polyacrylates. The inﬂuence of molecular mass and degree of pre-
activation with 2MNA on permeation enhancing properties of the
thiolated polyacrylates was evaluated. Some preactivated thiomers
could improve the permeation of sodium ﬂuorescein across freshly
excised rat intestinal mucosa and Caco-2 cell monolayer models
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igniﬁcantly. On rat intestinal mucosa, the polymer with the highest
olecular mass and medium degree of preactivation (PAA450-Cys-
MNA (m)) showed the highest permeation enhancing effect (2.89-
old) compared to Na-Flu in buffer only. In Caco-2 cell monolayers,
he polymer with high molecular mass and high degree of preacti-
ation (PAA450-Cys-2MNA (h)) displayed the highest permeation
nhancing effect (5.08-fold). According to these results preacti-
ated thiomers could be considered as a promising macromolecular
ermeation enhancing polymer for oral drug administration and
heir enhancement mechanism needs further investigation.
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